Inaccurate positioning of the robot end effector causes joint deformation as well as geometric errors when an industrial robot has a payload at its end effector. We propose a new approach of calibration which deals with joint angle dependent errors to compensate for these phenomena. To implement this method, we divided the robot workspace into several local regions, and built a calibration equation by generating the constraint conditions of the end effector's motion in each local region using a three-dimensional position measurement system. The parameter errors obtained this way were interpolated using the Radial Basis Function Network (RBFN) so as to estimate calibration errors in the regions that we did not measure. We used this technique to improve the performance of a six DOF industrial robot used for arc welding.
INTRODUCTION
A robot manipulator is subject to numerous sources of positioning errors. There are two types of errors: The first is geometric errors which result from imprecise manufacturing of parts and the second is non-geometric errors which result from gravity, joint compliance and gear transmission errors. 1 A robot with no load at its end effector can be easily calibrated. 2 But when it carries an object of a certain weight moving from one pose to another, a significant discrepancy develops between the desired and actual position of the robot because of deformations in links and joints. According to previous experimental results, 3, 4 after eliminating geometric parameter errors, nonlinear errors in the joint and link elasticity exert the most significant influence on the static positioning error. Duelen and Schroer 3 utilized a gear model to represent joint elasticity and backlash due to link weights and an additional payload at the end effector. Judd and Knasinski 4 showed that errors due to elastic deformations can be compensated for by corresponding changes in coefficients of the gear error model. Caenen and Angue 5 took into account only angular deformations caused by gravity forces, because these forces have a dominant influence on the end effector position error.
Previous calibration models of non-geometric errors were complex models and were studied independently of geometric calibration models. Among the Denavit-Hartenberg parameters, 6 the joint angular error was the most significant parameter affecting the accuracy of robot end effector positioning. However, it is necessary to calibrate the joint angular error both geometrically and non-geometrically, including encoder mis-alignment with the shaft, gear drive transmission error and joint deformation due to payload. On the other hand, for other parameters it is sufficient only to know geometric errors for simplicity of modeling and identification.
In this paper, we present a new method of calibration of geometric and non-geometric errors. It can simultaneously calibrate two kinds of errors for the joint parameters. However, for the rest of the parameters, we only compensated for geometric errors. The geometric model uses the modified D-H notation. 7 In addition, the joint compliance and gear transmission errors are taken into account in defining the non-geometric parameters of the model.
We divided the robot workspace into several local regions and applied a new method of construction of the calibration equation by constraint conditions. We used a three dimensional position measurement system without measuring the absolute position or restricting the measuring range. The obtained parameter errors from the measurement and identification process had a discrete value in a Cartesian workspace. In order to know the correct value at any specified joint coordinate space, identified errors must be generalized or interpolated over all joint space. For this purpose, the RBFN (Radial Basis Function Network) [8] [9] [10] was used to obtain the continuous error function of the joint coordinate system.
The remainder of the paper is organized as follows: In Section 2, we present a new calibration scheme with error model including interpolation techniques using the RBFN. We describe our data collection method and the experimental results for a six axis industrial robot in Section 3. Discussion and conclusions are given in Section 4.
CALIBRATION METHOD

Error model
The model utilizes a modified Denavit-Hartenberg convention, 7 in which the transformation between consecutive coordinate frames is expressed as:
where, i is the joint angle, a i is the link length, d i is the link offset, ␣ i and ␤ i are the twist angles between neighboring links around the x i and y i axis, respectively. If these parameters have errors, ⌬ i , ⌬a i , ⌬d i , ⌬␣ i and ⌬␤ i , the transformation matrix becomes:
The gravity can produce three types of compliance on the joint of the robot manipulator. They are angular deformations around the x i , y i and z i axis due to the different gravity torques M xi , M yi and M zi , caused by the end effector payload. 5 These gravity torques produce the following angular deformation at each robot joint.
where ␦x i , ␦y i and ␦z i are the angular deformation errors around each axis caused by gravity torques M xi , M yi and M zi , respectively. The composite error model, including geometric error, is:
where,
The total angular error is the sum of the geometric error and the joint deformation error. The link length and link offset errors are assumed to have geometric errors only.
Calibration method
The objective of error identification is to know the effective kinematic parameters of the robot manipulator in order to control accurately the end effector position. Let ⌬ be the error vector, which is assumed to be small perturbations from the nominal values, where ⌬ is an nϫ 1 vector, and n is the number of parameters. The relationship between the measured position of the robot end effector p M and the actual position of the robot end effector p is as follows (see Figure 1 ):
where R B and p B are the rotation matrix and position vector from the measurement system coordinate to the robot base frame, respectively. The relative position between point i and j in workspace is:
Let us consider that the actual position of the robot end effector differs slightly from the nominal ones P
:
where J is the Jacobian of position changes from nominal ones for small parameter errors. Then Eq. 7 becomes:
The relative position of p M,1 and p M,0 is:
If positions p M, i , p M, j and p M, 0 lie on a plane, and the line p M, 0 to p M, 1 is perpendicular to this plane, as shown in Figure 2 .
then, from Eq. 9 and 10 we have:
Denoting, 
EXPERIMENTS
Measurement system
Experiments were also conducted using the DR06, a six axes industrial robot manipulator with all revolute joints as shown in Figure 3 . The kinematic parameters are listed in Table I . A camera type measurement system, OPTOTRAK, manufactured by Northern Digital Inc. was used to construct the constraint conditions in local regions of the workspace. These systems, as shown in Figure 4 , consist of a camera, infrared LED(IrLED) and a system controller. The camera has photosensitive detector that is sensitive to light in the infrared range. The IrLED is capable of accurately determining the location of the center of the spot of light that has been projected onto its surface. This system has a repeatability of 0.
Making constraints in the workspace using the 3D coordinate measuring system is as follows:
(1) Pose the robot end effector in the position of any range to be measured and read the positioning coordinate from measurement system, via the computer. Then the points lie in an arbitrary x-y plane because of the same z coordinate values. The method of obtaining one vertical line with respect to this plane is the reverse of the above method, i.e., move the robot end effector only along with the z-axis coordinate while fixing x and y axis values of the measurement system. The measurement system is used as a tool to construct a plane and perpendicular line in the workspace, not used to measure the value of the position coordinate.
Experimental results
As a rule of thumb, in order to suppress the influence of measurement noise, the number of measurement equations should be two or three times larger than the number of parameters to be estimated. 11, 12 If the workspace is divided into too many regions, there are too many points to measure, and that is time consuming and difficult to do. We divided the workspace in 22 regions as shown in Figure 5 under the following assumptions:
(i) The major axis, i.e., first, second and third link parameters, have the influence on the end effector positioning accuracy among all parameters. Therefore, we assumed that the minor links, the fourth, fifth and sixth links, have fixed parameter errors. Based on the above assumptions, the functional representations are:
where m is the mass at the robot end effector.
The volume of serviceable workspace of the DR06 is 700-1500 mm of x-direction, -700-700 mm of y-direction and 500-1500 mm of z-direction. The volume is divided into twenty regions in the x and z directions, and seven regions in the ydirection. The results of identifying parameter errors after measuring seven data points per region are shown in Table II. Joint angular error ␦ i and twist angular errors ␦␣ i , ␦␤ i have some variations according to the robot configuration as mentioned in the previous section. We divided the whole workspace into several local regions in the Cartesian space and obtained calibrated error parameters in each local region. Continuous parameter error functions are obtained by using functions capable of interpolation, the RBFN (Radial Basis Function Network). The concept of the interpolation problem can be stated as follows (see Figure  6 ). Given a set of N different points x i and N real numbers, y i , construct a smooth function F satisfying the following two equations: F(x i ) = y i , i = 1, 2, . . . N (20)
where the function is a basis function that is continuous, w i denotes weights associated with each of the N basis functions which overlap at position x, and the vector x i are the measured data points themselves, called the center of the basis function. Thus, this equation represents a basic function approach. A very popular choice for the radial basis function is the Gaussian function.
If the basis functions have global support, adjusting F(x) requires all weight values w i to be changed. However, if the basis function decays to zero with an increasing distance from its center, and if the value of the basis function is sufficiently small at a certain distance from its center, so that the RBFN can be cut off, local support can be achieved. Since we assumed that the first joint angular error ␦ 1 was a function of the first joint angle, this error can be fitted shown in Figure 7 . Asterisks represent calibrated errors from the measurement. The solid line is fitted by using the RBFN and the dotted line by a third order polynomial function. We think that the source of this variation of error was in the reduction gear in the joint. The variations of ␦ 2 , ␦ 3 over the second and third joint space are shown in Figure 8 and 10, respectively. ␦ 2 is only dependent on the second joint angle and ␦ 3 is on the third joint angle when there is a negligible payload. These errors seem to be non- Figure 12 . This random phenomenon is supposed measurement noises; therefore we conclude that ␦␣ 1 has a fixed value of 0.276 deg. ␦␣ 2 and ␦␤ 2 have also fixed values as the same reason as a result of analyzing of measurement data. This is contrary to our first assumption that these parameters are functions of the neighboring joint angles and masses.
Compensation
We conducted some experiments to evaluate the calibration performance. The distance accuracy expresses the deviation between the programmed distance and the average of the measured distance. Path accuracy is the maximum deviation from the commanded path obtained by following the same path several times in the same direction. We compared the calibration performance before and after the calibration. The measurement points and paths used for testing were located inside a cube within the workspace of the robot. Figure 13 illustrates a 'test cube' and 'test plane'.
The robot was programmed to move to the eight vertices of the test cube of 500 mmϫ 500 mmϫ 500 mm. The DR06 was set to move to each vertex in turn with a 10.6 kg load and then pause until the point was read from the robot controller and coordinate measurement system. This process was repeated three times both before and after calibration. For the post-calibration measurements, the twist angles were not modified because of simplicity of inverse kinematics. The comparison of distance accuracy was evaluated for eight paths. The distance accuracy showed a significant improvement from a mean value of 0.920% to 0.154%, as shown in Table III .
The test plane for path accuracy is one of the four possible side planes of the test cube, as shown in Fig. 13(b) . For the post-calibration measurements, the joint angle correction functions of ␦ 1 , ␦ 2 and ␦ 3 along with the path were introduced as shown in Figure 14 . The correction values in the case of a 10.6 kg payload were interpolated using 6.0 kg and 15.2 kg curves. The maximum deviation was 25.87 mm, and path error profiles are shown in Figure 15 .
CONCLUSIONS
The purpose of this study was to improve the positioning accuracy of the industrial robot when considering joint deformation due to a payload. We built a composite error model, which takes into account geometric errors and nongeometric errors. The angular errors of three main joints of a serial robot were carefully investigated. Since the joint angular error is dependent on the robot configuration, we measured and calibrated geometric and non-geometric errors in each local region after dividing the workspace into several local regions. IrLED sensor and camera systems were originally used for position measurement for the robot manipulator. We applied these systems for making constraint conditions to obtain a calibration equation in several local regions, without measuring absolute position and without restricting the measurement range.
Because the obtained parameter errors are discrete in the workspace, we applied the RBFN algorithm to interpolate the workspace to get continuous functions of joint angles. The width and learning rate were adequately selected to get the optimal solution with fast convergence and satisfactory given error bound. The experimental results showed that robot positioning accuracy can be improved for joint deformations around an axis which are due to the payload at the robot end effector.
A three dimensional position measurement system was used to compare the calibration effect for improving the accuracy of the industrial robot. Distance accuracy and path accuracy on the workspace was evaluated. The result proved that the proposed calibration scheme was useful to improve the accuracy of the robot.
